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Two tick-borne encephalitis (TBE) virus variants were studied: mouse brain-adapted strain EK-328 and its derivate adapted to Hyalomma
marginatum ticks. The tick-adapted virus exhibited small-plaque phenotype and slower replication in PEK cells, higher yield in ticks, decreased
neuroinvasiveness in mice, increased binding to heparin-sepharose. A total of 15 nucleotide substitutions distinguished genomes of these variants,
six substitutions resulted in protein sequence alterations, and two were in 5′NTR. Two amino acid substitutions in E protein were responsible for
the observed phenotypic differences. Data obtained during reverse passaging of the tick-adapted virus in vivo and in vitro suggest that TBE virus
exists as a heterogeneous population that contains virus variants most adapted to reproduction in either ticks or mammals. Host switch results in a
change in the ratio of these variants in the population. Plaque purification of the tick-adapted virus resulted in the prompt emergence of new
mutants with different virulence for mammals.
© 2007 Elsevier Inc. All rights reserved.Keywords: Flavivirus; Tick-borne encephalitis virus; GAG-binding phenotype; Microevolution; Host alternation; NeuroinvasivenessIntroduction
Arthropod-borne viruses replicate in hosts as distantly related
as arthropods and vertebrates. The vertebrate species can vary
from reptiles to rodents and from artiodactyls to birds. Therefore,
in order to be successfully maintained in a natural cycle,
arboviruses must be able to persistently infect the arthropod host,
yet also replicate quickly in vertebrates upon transmission,
preferably causing pronounced viremia. Host alternation
presumably selects for a virus population that is well adapted
to both host systems (Cooper and Scott, 2001; Novella et al.,
1995; Weaver et al., 1999, 2006), however, the mechanisms that
allow efficient replication in the new host after host switch have
yet to be elucidated.⁎ Corresponding author. Fax: +7 495 439 93 21.
E-mail address: mkarganov@mtu-net.ru (G.G. Karganova).
y Deceased.
1 Present address: Acambis, Inc. 38 Sydney Str., Cambridge, MA 02139,
USA.
0042-6822/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2006.12.013Tick-borne encephalitis (TBE) virus is a member of
Flaviviridae family and has significant clinical importance
in both Europe and Asia, causing more than 10,000 cases of
encephalitis annually. TBE virus has been isolated from over
20 species of ticks that vary in their life cycle properties,
such as single or repeated blood feeding within one
metamorphosis cycle and a range of acceptable vertebrate
host species. The main vectors are Ixodes persulcatus and
Ixodes ricinus ticks. In Western Europe TBE virus is
transmitted by I. ricinus, and human infections are character-
ized by mild morbidity and mortality. By contrast, the
principal TBE virus vector in Siberia and in the Far East of
Russia is I. persulcatus, and clinically apparent infection is
more frequent and severe. This observation suggests that
unique tick–vertebrate host combination defines the proper-
ties of TBE virus infection.
Repeated parenteral passaging of different strains of TBE
virus in Hyalomma marginatum marginatum or Hyalomma
anatolicum ticks was previously used as a means of
studying the influence of the tick vector replication stage
on virus properties (Chunikhin and Dzhivanian, 1977, 1979;
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the parental by exhibiting a small-plaque phenotype in pig
embryo kidney cells. Additionally, virions lacked hemagglu-
tination activity (HA), and did not form precipitate with
antibodies in agarose rocket immunoelectrophoresis (RIE).
Tick-passaged viruses were attenuated for mice upon
peripheral inoculation (Chunikhin et al., 1986; Dzhivanian
et al., 1986, 1988, 1991). Passages of the TBE virus in I.
ricinus ticks, one of the principal TBE virus vectors in
nature, also resulted in a virus that lacked HA activity and
exhibited low virulence for mice upon subcutaneous
infection (Labuda et al., 1994). These studies also revealed
an instability of the tick-adapted phenotype after several
rounds of virus amplification in mammalian hosts, which
resulted in the restoration of virulence in mice (Chunikhin
et al., 1986; Dzhivanian et al., 1988, 1991; Kaluzová et al.,
1994).
In this work we report the phenotypic analysis and complete
nucleotide sequence of TBE virus variants that have selective
advantages in either ticks or mammals. This study was
conducted using the original TBE virus strain EK-328 and its
tick-adapted mutant progeny — variant M, which had been
generated by repeated passaging of EK-328 strain in H.
marginatum marginatum ticks (Chunikhin and Dzhivanian,
1977, 1979). Comparison of the parental strain EK-328 with the
tick-adapted variant M and a number of its revertants revealed
genome positions responsible for the observed phenotypic
differences, and demonstrated possible means of virus popula-
tion adaptation upon host–vector switch.
Results
General properties of the parental strain EK-328 and variant M
We used strain EK-328 that was adapted to mouse brain and
variant 718/574 (see Materials and methods, Fig. 1), which was
obtained after passaging strain EK-328 in H. marginatum
marginatum ticks. We recovered the small-plaque variant 718/
574, which had been stored for 10 years, by passaging it twice
in mouse brain, and designated it variant M. In the first part ofFig. 1. Passage history of M variant virus.this work we compared properties of variant M to the
previously reported properties of the original tick-adapted
variant 718/574 (Chunikhin and Dzhivanyan, 1979; Chunikhin
et al., 1979; Dzhivanian et al., 1986, 1988, 1991).
The parental strain EK-328 formed plaques in PEK cell
culture 5 days after inoculation. The plaques reached 7–8 mm
by day 7 (Fig. 2A) and continued to grow until the end of the
experiment. In contrast, variant M produced small plaques
less than 1 mm in diameter that appeared only on days 6–8,
and did not increase in size (Fig. 2A). Notably, there were
usually 1–2 large (7 mm) plaques per 100 small plaques in
the virus population of variant M. HA titers in PEK cell
culture supernatant 60 h after infection with strain EK-328
usually were 1:16–1:64. There was no detectable HA activity
in PEK cell culture supernatant after infection with variant M.
We compared the reproduction of the two viruses in ticks.
Five H. marginatum turanicum ticks were inoculated
parenterally with the same dose of strain EK-328 and variant
M. Seven days later, a suspension of each individual tick was
plaque titered in PEK cell culture. The virus was detected in 4
out of 5 ticks infected with strain EK-328, and in all 5 ticks
infected with variant M. The mean titer of EK-328 strain in
the 4 tick suspensions that contained virus was 3.4±0.2 log
PFU/ml, significantly (Pt <0.0005) lower than the titer of
variant M (5.0±0.2 log PFU/ml). Therefore, variant M
replicated more efficiently in H. marginatum turanicum
ticks than strain EK-328. Mouse LD50 of variant M and the
parental strain EK-328 were titered in 4-week-old white mice
by intracerebral (i.c.) and subcutaneous (s.c.) inoculation. The
LD50 of strain EK-328 was 0.5 PFU after i.c. inoculation and
0.8 PFU after s.c. inoculation. The LD50 of variant M was 0.1
PFU and 1000 PFU after i.c. and s.c. inoculations,
respectively. Thus, variant M exhibited greatly reduced
virulence in mice after s.c. inoculation. This suggests that
variant M, which underwent two additional mouse brain
passages, was phenotypically similar to the small-plaque
variant 718/574 that resulted from long-term adaptation of the
parental strain EK-328 to ticks.
Replication of strain EK-328 and tick-adapted variant M in
PEK cell culture
PEK cells were infected with the parental strain EK-328 or
variant M at MOI=1 PFU/cell. Samples were harvested at
defined time points and titered separately for free virus in cell
culture supernatant and cell-bound virus. Yields of the EK-328
virus in cell supernatants were higher at all time points than the
amount of cell-bound virus (Fig. 2C). In contrast, yields of
variant M virus in PEK cell culture supernatants were lower
than yields of the cell-bound virus. At early time points (22 h),
the yield of free variant M virus was almost 100 times lower
than that of the parental EK-328 strain (Pt <0.001); however, at
60 h post infection, titers of the free virus became almost equal
for strain EK-328 and variant M.
Lower yield of the infectious virus in supernatant of cells
infected with variant M could be due to production of defective
viral particles not able to produce plaques in PEK cells. We used
Table 1
Genetic differences between the parental strain EK-328 and the tick-adapted M
variant
Genome region Nucleotide substitution Amino acid substitution a
5′-NTR A19→ G/A NA
b
C42→A NA
b
Signal peptide of prM C470→T Ala→Val
E A1337→G Glu122→Gly
C2190→T None
C2249→T Thr426→Ile
T2362→C None
NS1 C3387→T None
G3438→A None
NS2a G3672→T Lys52→Asn
NS3 G4827→A None
NS4a A6526→G Ser22→Gly
G6584→A Arg41→Lys
NS4b G7437→C None
NS5 T9888→C None
a Amino acid positions are given from the N-terminus of the corresponding
TBE viral protein.
b NA—not applicable.
Fig. 2. Reproduction of the parental EK-328 strain, tick-adapted M variant and
the clones from variant M population in PEK cell culture. (A, B) Plaque
morphology at 7 days: (A) strain EK-328 and M variant, (B) the clones. (C)
Infectious virus in cell culture supernatants and PEK cell lysate (cell bound)
after infection with the parental strain EK-328 and variant M. Precision of
titration (SD of replicates) was 0.2 log PFU.
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natant of PEK cells infected with EK-328 virus and variant M at
10 and 24 h post infection. Titer of the infectious virus in the
same probes was identified in the plaque test. The genome
equivalent/infectious particle ratio was 102.2 for both viruses at
10 h post infection, and 102.4 for strain EK-328 and 102.3 for
variant M at 24 h post infection. Therefore, observed plaque
titers were not due to different particle/PFU ratio of viruses
studied.
Sequencing of strain EK-328 and variant M genomes
We analyzed the complete nucleotide sequences of strain
EK-328 and variant M genomes. A total of 15 nucleotide
substitutions were detected in variant M compared to the
parental strain EK-328: two in the 5′NTR, five in the structuralproteins genome region and 8 in the non-structural region
(Table 1). In six cases, nucleotide substitutions resulted in
protein sequence alterations in the signal peptide of prM, and
proteins E, NS2a and NS4a. One of the two amino acid
substitutions in E protein, Thr426→Ile, was in the stem, another
one, Glu122→Gly, was in domain II.
Production of large-plaque variant M revertants
Studying revertants of the tick-adapted variant M could
elucidate which substitutions in the genome were associated
with the phenotypic properties of this virus. As mentioned
above, variant M stably produced small (<1 mm) plaques in
PEK cells, with only 1–2 large plaques per 100 small plaques.
We picked one large and several small plaques from the variant
M population and propagated them in PEK cell culture. Clone
103/84 was derived from a large plaque and maintained a large-
plaque phenotype upon replication in PEK cells. All clones that
were derived from a small plaque (160/57, 118/58, 116/59, 83,
103/84, 298, 424) immediately assumed large-plaque or mixed
phenotype after the first passage in PEK cells, and two
additional passages resulted in displacement of the small-
plaque variant by the large-plaque variant. The large-plaque
clones were additionally plaque purified 3–4 times before being
further studied to reliably obtain a homogeneous population. At
this stage, clones 160/57, 118/58, 83 and 103/84 formed large
plaques that reached 7 mm at day 7 (Fig. 2B), and continued to
grow throughout the term of observation — similarly to the
plaques of the parental strain EK-328. Clone 116/59, in contrast,
produced smaller plaques sized 4 to 5 mm (Fig. 2B). Two more
mixed phenotype clones of variant M were repeatedly plaque
purified for the small plaque. It took four consecutive rounds of
plaque purification of the small-plaque clones of variant M virus
to select for clones 298 and 424 that stably produced small
plaques in subsequent passages in PEK cell culture. Plaque
phenotypes of the clones are summarized in Table 2.
Table 2
Comparison of the TBE virus parental strain EK-328, tick-adapted variant M and its clones derived in PEK cell culture
Virus Substitutions in E protein at aa Plaque size
(mm) a
RIE b HAc Virulence (LD50) in BALB/c mice (PFU)
3 weeks old 10 weeks old
64 122 124 426 i.c. d i.c. i.p. e
EK-328 Lys Glu Lys Thr 7 + + 2.0 0.5 16
M variant Lys Gly f Lys Ile <1 − − 2.5 2.5 250000
Clone 160/57 Lys Gly Glu Thr 7 + + 6.3 0.3 >1000
Clone 118/58 Lys Glu Lys Thr 7 + + 1.6 1.6 2
Clone 116/59 Lys Gly Gln Thr 4–5 + + 1.0 0.2 1
Clone 83 Lys Glu Lys Thr 7 + + NDg ND ND
Clone 103/84 Gln Gly Lys Thr 7 + + 6.3 2.0 >500
Clone 298 Lys Gly Lys Ile <1.0 − − ND ND ND
Clone 424 Lys Gly Lys Ile <1.0 − − ND ND ND
a At day 7 after infection.
b Rocket immunoelectrophoresis: (+)—presence of cathode-pointed precipitate, (−)—no cathode-pointed precipitate.
c Hemagglutination: (+)—presence; (−)—absence.
d i.c. – intracerebral inoculation.
e i.p. – intraperitoneal inoculation.
f Aminoacids different from EK-328 are in bold.
g ND, not done.
Fig. 3. Binding of virions of the parental EK-328 strain, tick-adapted M variant,
and clones derived from variant M population to heparin-sepharose.
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We identified partial RNA sequences of variant M clones in
genome regions encoding for E protein, and at all genome
fragments where we observed substitutions compared to the
parental strain EK-328 (Table 2). Regardless of phenotype, all
clones derived from variant M had the same amino acid residues
in signal peptide prM, NS2a and NS4a proteins as variant M.
Therefore, we suggest that substitutions in these genome positions
are not directly responsible for the differences in the plaque
phenotypes between EK-328 and variant M. Additionally, the
substitutions at position 42 in the 5′NTR of variant M are not
likely to be directly related to the phenotype of this virus, as
position 42 in all revertant clones was the same as in variant M.
Substitution at position 19, which was heterogeneous in variant
M, was identical in 4 of the large-plaque clones to strain EK-328,
and in one clone, 116/59— to variant M. Clone 116/59 produced
4–5 mm plaques, which are slightly smaller than strain EK-328
(7 mm). Therefore, it is not possible to completely rule out the
effect of substitution at position 19 on the plaque phenotype.
Small-plaque clones 298 and 424 retained amino acid
substitutions in protein E that were characteristic of variant M
(Table 2). All large-plaque clones had threonine at position 426,
just as the parental strain EK-328. Therefore, this amino acid
position is clearly important for a selective advantage in PEK
cells. Substitution at position 122 of protein E, which was
detected in the tick-adapted variant M, has been previously
shown to increase the positive charge of E protein, and its
affinity to the cellular heparan-sulphates (Kroschewski et al.,
2003; Mandl et al., 2001). In the large-plaque clones 83 and
118/58, we detected a reverse Gly122→Glu substitution. In
contrast, three other large-plaque clones, 160/57, 116/59 and
103/84, retained glycine at this position, as in the source variant
M. However, these three revertant clones had additional
substitutions in the E protein sequence. Clone 160/57 had
Lys124→Glu substitution, clone 116/59 had Lys124→Glnsubstitution and clone 103/84 had a similar Lys→Gln
substitution in position 64. All of these substitutions may
have decreased the positive charge of E protein and presumably
compensated for the Glu122→Gly substitution. In all clones
tested, nucleotide positions 2190 and 2362 that contained
synonymous substitutions were the same as in variant M.
Comparison of the in vitro properties of strain EK-328, variant
M, and its clones
The affinity of viruses for heparin-sepharose was tested to
identify the role of position 122 in protein E in the binding of
the virions to cellular glycosoaminoglycans (GAGs). Adsorp-
tion of the tick-adapted variant M that carried Glu122→Gly
substitution was higher than that of the parental strain EK-328
(Fig. 3) in 4 independent experiments. All compensating
substitutions in the revertant clones resulted in lower virion
binding to heparin-sepharose, even compared to the parental
strain EK-328.
Table 3
Properties of M variant revertants that resulted from repeated virus passaging in
PEK cells and in mouse brain or after i.p. infection of mice
Virus Plaque
size
(mm)
RIE a Amino acid
substitutions
in protein E
Synonymic
substitutions in
protein E
122 426 2190 2362
EK-328 7 + Glu Thr c t
Variant M <1 − Gly Ile t c
RNc b 7 or 1 − Gly Ile t c
RNmc 7 or 1 ± Gly Ile t c
Clone 46 d 7 + Glu Thr c t
Clone 48 d 7 + Glu Thr c t
Clone 51 e 7 + Glu Thr t c
Clone 53 f 7 + Glu Thr t c
Clone 56 f 7 + Glu Thr t c
a Rocket immunoelectrophoresis: (+)— presence of cathode precipitate, (−)—
no cathode precipitate.
b Virus resulted from 20 rounds of variant M fast passaging (each time
harvesting at 24–36 h after infection, before the onset of CPE) in PEK cells.
Ratio of large (7 mm) and small (1 mm) plaques was 1:10.
c Virus resulted from 12 passages of variant M virus in mouse brain. Ratio of
large and small plaques was 1:1.
d Clone from RNm.
e Plaque purified virus isolated from the blood clot of a mouse that succumbed
to encephalitis after i.p. inoculation of variant M.
f Plaque purified virus isolated from the brain suspension of a moribund
mouse after i.p. inoculation of variant M.
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the large-plaque clones exhibited detectable HA activity, unlike
all the small-plaque clones and variant M. RIE properties of the
viruses studied are shown in Fig. 4 and in Table 2. Virions of the
large-plaque clones, as well as virions of EK-328 strain, formed
cathode-pointed precipitates in RIE. Virions of the small-plaque
clones 298 and 424 (as well as the tick-adapted variant M) did
not produce such precipitates. Properties of strain EK-328 and
variant M in RIE were not affected by the use of antiserum from
different sources, such as the commercial horse anti-TBE virus
gamma-globulin, hyperimmune rabbit serum or mouse ascitis
fluid raised to strain EK-328 or variant M. Therefore, the large-
plaque phenotype correlated with low affinity to heparin-
sulphates and the ability of virions to form cathode-pointed
precipitates with antibodies in RIE.
RIE analysis of the cell culture supernatant estimates not
only the quantity and properties of the virions, but also the
amount of non-structural (NS) antigen, represented by dimers or
hexamers of the NS1 protein (Gritsun et al., 1990). The NS
antigen produces a light rocket-like precipitate, which is distant
from the well and moves towards the anode (Fig. 4). We could
not detect any difference between strain EK-328, variant M, and
its clones in the amount of the NS antigen.
Virulence of EK-328, variant M, and large-plaque revertants
Virulence of the viruses upon i.c. and i.p. inoculation was
studied in BALB/c mice of different age. All viruses
demonstrated similar neurovirulence for mice (Table 2) upon
i.c. inoculation; however, neuroinvasiveness (virulence upon
peripheral inoculation) of variant M was much lower than that
of the parental strain EK-328. Revertant clones 118/58 with a
reverse mutation at position 122 and 116/59, which had a
compensating substitution Lys124→Gln, regained high neuroin-
vasiveness in mice, yet clone 103/84 with the similar Lys→GlnFig. 4. RIE analysis of virions, (A) the parental strain EK-328, the tick-adaptedM
variant and (B) clones of M variant (58—clone 118/58, 59—clone 116/59, 83—
clone 83, 84—clone 103/84, 57—clone 160/57, 6—clone 298). Arrows show
precipitate of virions and NS1 protein. Top—anode, bottom—cathode.compensating substitution in position 64, and clone 160/57 with
Lys124→Glu, retained low neuroinvasiveness.
Alteration of variant M population upon passaging in vitro and
in vivo
We studied changes in the variant M population after
passaging in PEK cell culture (Table 3). The virus was passaged
at an MOI of approximately 1 PFU/cell, avoiding virus freezing
between passages. We conducted 12–20 passages in 6
independent lineages. In three lineages, the virus for passaging
was harvested before the onset of CPE, i.e., 24–36 h after
inoculation. In the other three lineages, the virus was harvested
at a pronounced CPE (60–72 h post infection). Starting from
passage three, the fraction of large (7 mm) plaques in all
lineages increased to 6–10 per 100 and remained constant
thereafter. Resulting viruses in all 6 lineages did not form the
cathode-pointed precipitate in RIE. Sequencing of the protein-
E-encoding RNA fragment from total RNA of RNc variant that
resulted from one of pre-CPE passaging lineages (Table 3)
detected all the substitutions characteristic of variant M.
Therefore, the majority of the virus population was still variant
M. LD50 of the PEK-passaged variant RNc in BALB/c mice
upon i.p. inoculation was 600 PFU, i.e., neuroinvasiveness of
this virus was higher than that of variant M, but lower than that
of strain EK-328.
Passaging of variant M in the juvenile mouse brain also
resulted in a gradual increase of the proportion of large (7 mm)
plaques. At passage 12, the ratio of large and small plaques
reached 1:1 (Table 3). This virus variant was designated RNm.
Virions of this variant amplified once in PEK cells occasionally
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precipitates in RIE. Sequencing of the protein-E-encoding
RNA fragment of this variant revealed a nucleotide sequence
identical to variant M.We isolated three large-plaque clones, 46,
47 and 48, from the RNm variant population. All these clones
formed cathode-pointed precipitates in RIE, just like the
parental strain EK-328. Sequencing of the protein-E-encoding
RNA fragment of clones 46 and 48 demonstrated nucleotide
sequences identical to that of strain EK-328, including the
synonymous nucleotide substitutions at positions 2190 and
2362, which distinguished variant M from the parental strain
EK-328 (Table 3). We then sequenced the RNA fragments
encoding C and prM proteins of both clones and part of NS5
proteins of the clone 46. All nucleotide sequences at positions
470 and 9888 (Table 1) were identical to those of strain EK-328.
Therefore, we conclude that all these brain-derived clones are
the progeny of the residual parental strain EK-328, which
endured repeated passaging in ticks.
When 10-week-old BALB/c mice were infected i.p. with
15,000 PFU of variant M, several animals developed disease.
Brain and blood from one of these mice were sampled at the
peak of clinical symptoms. Plaque titration of a blood clot and
brain suspension revealed plaque heterogeneity in the virus
population. The ratio of large to small plaques was close to 1:1.
We isolated one large-plaque clone from the clot (clone 51) and
two large-plaque clones, 53 and 56, from the brain suspension
(Table 3). All three clones formed a cathode-pointed precipitate
in RIE, just like strain EK-328. Sequencing of the protein-E-
encoding RNA fragment revealed that amino acid residues at
positions 122 and 426 matched those of strain EK-328, while
the synonymous nucleotide substitutions at positions 2190 and
2362, which distinguished strain EK-328 from variant M,
corresponded to those of variant M.
Mixed infection of PEK cells by the parental strain EK-328 and
variant M
We tried to estimate the mutual influence of viruses upon
simultaneous reproduction in PEK cell culture. Cells wereTable 4
Properties of the virus population upon co-infection of PEK cells with strain EK-
328 and variant M
# Inoculate MOI (PFU/cell) Virus titer (log PFU/ml) RIE a
Total EK-328 M variant Large plaques b small plaques c
1 1.00 1.00 − 7.6 − +
2 0.10 0.10 − 7.3 − +
3 1.00 − 1.00 5.0 6.7 −
4 0.10 − 0.10 4.3 6.7 −
5 0.01 − 0.01 3.0 6.7 −
6 1.00 0.50 0.50 7.1 6.7 +
7 0.55 0.50 0.05 7.1 5.5 +
8 0.55 0.05 0.50 6.0 6.7 −
9 0.10 0.05 0.05 7.1 8.5 −
a Rocket immunoelectrophoresis: (+)—presence of cathode precipitate, (−)—
no cathode precipitate.
b Similar to the plaques of strain EK-328.
c Similar to the plaques of variant M.infected with a mixture of viruses in different proportions, or
with individual viruses. Progeny were tested for the ratio of
small to large plaques, and for virion properties in RIE. We
conducted three independent experiments and obtained a
similar output. Results of one experiment are summarized in
Table 4. The viruses of different phenotypes did not hinder each
other when an equal proportion of viruses (total MOI of 1 PFU/
cell) was used (Table 4, row 6). At a low MOI and even virus
ratio (row 9), yields of variant M were increased. Excess of one
of the viruses (rows 7 and 8) resulted in a mixed population of
viruses with two phenotypes, and the fraction of the minor virus
was decreased. Notably, in RIE the mixture of variant M and a
smaller fraction of EK-328 strain did not form a cathode-
pointed precipitate with antibodies, although the previous data
indicated that the same amount of strain EK-328 virions as was
present in the sample was sufficient to form the precipitate when
used alone (not shown).
Discussion
In this work we sought to investigate evolutionary means
that allow TBE virus to reproduce efficiently in both ticks and
mammals. We started our work by comparing properties of the
TBE virus variants that had selective reproduction advantages
in ticks or in mammals. The small-plaque phenotype was typical
for a major fraction of the tick-adapted variant M, and the large-
plaque phenotype was typical of the mouse-passaged parental
strain (Fig. 2A). The phenotype of the tick-adapted variant M
also featured absence of HA activity (Table 2), inability to form
cathode-pointed precipitate with antibodies in RIE (Table 2,
Fig. 4A), increased binding to heparin-sepharose (Fig. 3),
slower reproduction in PEK cell culture (Fig. 2C), lower
virulence for mice upon peripheral inoculation (Table 2) and
higher yield in ticks.
Sequencing of the parental strain EK-328 and variant M
revealed 15 nucleotide substitutions (Table 1). Two of the
nucleotide substitutions that distinguished variant M from strain
EK-328 were located in the 5′NTR, positions 19 and 42, in the
hairpin that is found in all flaviviruses studied so far (Gritsun
et al., 1997; Markoff, 2003). In strain EK-328, a short ORF
starting at position 19 was found. In variant M, this ORF is
absent. This ORF was reported in other TBE virus strains
(Markoff, 2003), however, the function and significance of this
ORF are not known. One of the amino acid substitutions that
distinguished variant M from the parental strain was Ala→Val
in the signal sequence at the site of C-prM cleavage. This
position is not conserved among the TBE virus isolates. Several
more amino acid substitutions were found in the small
hydrophobic non-structural proteins NS2a and NS4a. Position
52 of the parental strain EK-328 protein NS2a is Lys, similar to
other TBE virus strains that have either Lys or Arg. The tick-
adapted variant M possesses Asn at this position, unlike any
other flaviviruses sequenced to date. NS4a of variant M carried
two substitutions, Ser22→Gly and Arg41→Lys. The first
position is highly conserved among flaviviruses, and a similar
substitution could be found only in Karshi virus (GenBank
accession no. AY863002). The latter position is variable in TBE
81L.Iu. Romanova et al. / Virology 362 (2007) 75–84virus strains. Some strains have Arg at position 41, as strain EK-
328, others have Lys, like variant M. Proteins NS2a and NS4a,
along with proteins NS3, NS5 and NS1, take part in flavivirus
replication (Westaway et al., 2003). Therefore, it is possible that
the detected substitutions in proteins NS2a and NS4a might
affect protein–RNA interactions and be thus associated with the
nucleotide substitutions in the 5′NTR. It cannot be excluded,
however, that these substitutions affect other functions of NS2a
and NS4a proteins, which were both shown to inhibit IFN-α/β
and IFN-γ signaling (Liu et al., 2005), and NS2a of KUN virus
probably plays a role in virion assembly and exit (Liu et al.,
2003).
A total of 2 amino acid substitutions in the E protein
distinguished variant M from the parental strain EK-328. One of
these substitutions, Thr426→Ile, is located in the conserved
sequence between two predicted alpha-helical regions in the
stem (Allison et al., 1999). The precise function of this
conserved sequence is not known, though it is not likely to be
involved in dimeric or trimeric interactions between E and E or
prM proteins (Allison et al., 1999). This is the most conserved
protein fragment among flaviviruses (Stiasny et al., 1996),
however, position 426 in this conserved sequence differs in
TBE virus strains with different tick vectors. Strains of the
European subtype that are predominantly transmitted by the I.
ricinus tick have Ala at this position, while strains of the
Siberian and Far Eastern subtypes, usually transmitted by I.
persulcatus, have Thr. In our case, adaptation of strain EK-328,
which was isolated from I. persulcatus ticks, to H. marginatum
marginatum ticks resulted in Thr426→Ile substitution. The
second amino acid substitution that we found, Glu122→Gly, was
described previously (Kroschewski et al., 2003; Mandl et al.,
2001). It results in an increased net positive charge of E protein
and increased affinity for GAGs, which leads to the small-
plaque phenotype in pig embryo kidney cells and decreased
neuroinvasiveness in mice (Mandl et al., 2001). Our tick-
adapted variant M had properties similar to that of the mutant
virus described by Mandl et al. (2001), which was obtained by
adaptation of the TBE virus to BHK21 cells, and carried the
same substitution in E protein. The increased binding of variant
M to heparin-sepharose (Fig. 3) allowed us to conclude that
variant M acquired a GAG-binding phenotype.
A single round of cloning and one subsequent passage of
variant M in PEK cell culture was enough to yield large-plaque
revertants that exhibited properties similar to that of the EK-328
strain (Table 2). All large-plaque revertants purified by
additional cloning retained the amino acid substitutions in the
non-structural proteins, and one of the nucleotide substitutions
in the 5′NTR that is typical for variant M (Table 2). Another
nucleotide position in the 5′NTR, which was heterogeneous in
variant M (nt 19), was similar to strain EK-328 in four large-
plaque revertant clones and similar to variant M in one clone
with an intermediate plaque size. This clone has completely
regained all properties characteristic to strain EK-328 (HA
activity, properties in RIE, neuroinvasiveness) with the
exception of the plaque size. Therefore, it seems unlikely that
this substitution is related to the observed phenotypic
differences. We therefore suggest that the abovementionedproperties of variant M resulted from substitutions in E protein.
However, as revertants were obtained in mammalian cell
culture, we cannot completely exclude the possibility that
substitutions in the signal peptide of prM, NS2a, NS4a proteins,
and in 5′NTR may be important for reproduction in ticks or
mammals.
All the large-plaque revertants that we studied had a reverse
Ile426→Thr substitution, which suggests that it is one of the
host-specific determinants of the tick-transmitted flaviviruses.
Also, all the large-plaque revertants obtained from variant M
had reverse or compensating mutations in domain II of protein E
in spacial proximity to position 122 (Rey et al., 1995) that
decreased the positive charge of E protein, and were presumably
responsible for the observed phenotype. These two substitutions
resulted in significant antigenic changes. We screened a set of
TBE virus monoclonal antibodies and identified two (one of
them neutralizing) that distinguished the parental strain EK-328
and M variant in ELISA and immunoprecipitation (Romanova
et al., 2006).
The discovery of a GAG-binding mutation in variant M
suggests that small-plaque phenotype and decreased neuro-
invasiveness of this virus has a background similar to other
viruses with similar phenotypes (Byrnes and Griffin, 2000;
Hulst et al., 2000; Lin et al., 2000), including flaviviruses (Lee
et al., 2004; Lee and Lobigs, 2002), and TBE virus in particular
(Goto et al., 2003; Mandl et al., 2001). All these viruses
demonstrated low neuroinvasiveness in mice, which may be
explained by low viremia after peripheral infection. Restored
neuroinvasiveness of clone 118/58 with a reverse mutation at
position 122 (Table 2) shows that other mutations in non-
structural protein genome region that distinguish the parental
strain EK-328 from variant M are not decisive for the
neuroinvasiveness. Different neuroinvasiveness of clones 160/
57 and 116/59 with dissimilar compensating substitutions at
position 124 points to the significance of a precise amino acid
substitution that is involved in compensating Glu122→Gly
mutation. Clones 116/59 and 103/84 had the same compensat-
ing mutation, Lys→Gln, but in different positions, 124 and 64,
respectively. Different neuroinvasiveness of these clones
demonstrates the importance of the location of the compensa-
tory substitution.
The emergence of the substitution that increases GAG-
binding properties of variant M hints that TBE virus adsorption
may play a role in adaptation to different hosts. Previously, it
was shown that TBE virus exhibits two types of interactions
with cells: high affinity and low affinity (Maldov et al., 1992).
The latter one accounts for more than 90% of virions adsorbed
to the cell surface (Kroschewski et al., 2003; Maldov et al.,
1992). It can be suggested that heparan-sulphates are this low-
affinity receptor.
Our results show that adaptation of the TBE virus strain EK-
328 to H. marginatum marginatum ticks results in a GAG-
binding phenotype and low neuroinvasiveness. Emergence of
small-plaque variants that did not form precipitates with
antibodies in RIE, and exhibited low neuroinvasiveness, was
reported upon adaptation of four distinct TBE virus strains to H.
anatolicum ticks (Chunikhin et al., 1986). Adaptation of the
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with properties similar to variant M, and with a substitution at E
protein position 84 (Labuda et al., 1994), which could increase
the positive charge of virions in a similar way to the substitution
at position 122 in the E protein of variant M. Altogether, the
emergence of GAG-binding variants appears to be concerned
with the adaptation of TBE virus to ticks.
In the second part of our work we evaluated population
changes in variant M upon reproduction in mammalian cells,
which are presumably a non-optimal system for this virus. We
demonstrated that in semi-permissive conditions plaque pur-
ification and a single passage of variant M in cell culture yielded
clones with different substitutions. This indicates that emer-
gence of mutations under certain conditions is a relatively
common event in TBE virus reproduction.
Repeated passaging in PEK cells and in mouse brain did not
result in extinction of the small-plaque variant, which still
comprised a significant fraction of the virus population. Clones
of variant M that restored the EK-328 phenotype upon
passaging in cell culture had reverse or compensating muta-
tions, as the synonymous substitutions in these revertants were
identical to variant M. Similarly, reverse mutations were
observed in three clones of variant M that were isolated from
the brain and blood of a mouse that developed disease upon
peripheral inoculation. In contrast, passaging of this virus in
mouse brain resulted in clones that not only had the phenotype,
but also the precise sequence of the parental EK-328 strain,
including the synonymous mutations. Thus, mouse-adapted
revertants of variant M were in fact an admixture of the initial
EK-328 strain that persisted through 17 passages in ticks. This
finding shows that the heterogeneity of the virus population is
retained not only in mammalian cells, but also in ticks.
The results of our study were obtained in an artificial system
and may not reflect precisely what occurs in the natural
population of the TBE virus. Nevertheless, the stable hetero-
geneous population model, where the ratio of variants changes
predictably upon the host switch, explains rapid adaptation of
the virus upon host switch. Fast reproduction of the virus in a
new host is provided by minor variants or newly emerged
mutants, which are best fit for reproduction in this new host. As
the new host is not completely permissive for the major fraction
of the population, emerging virus variants are not suppressed by
less fit variants and rapidly accumulate. The less fit variants,
however, are not completely eliminated. They replicate at
background levels and re-emerge upon the next host switch.
Materials and methods
Cells and viruses
Pig embryo kidney (PEK) cells were cultured at 37 °C in
medium 199 (IPVE, Russia) supplemented with 5% bovine
serum (Furo, Russia). Strain EK-328 (Siberian genotype,
GenBank accession no. DQ486861) was isolated from I.
persulcatus ticks in Estonia in 1972 and underwent 6–8
passages in mouse brain. Variant M, originally designated
variant 718/574, was obtained after 17 passages of strain EK-328 in H. marginatum marginatum ticks (Fig. 1). Briefly, ticks
were inoculated with strain EK-328 (1–8 μl containing 1.8–2.5
murine LD50) into the central part of the alloscutum. Two weeks
later infected ticks were ground in PBS, and virus suspension
was clarified by centrifugation and used in the next round of tick
inoculation. After 11 tick passages the virus was plaque purified
once. Two additional passages of a large-plaque clone 718 in
ticks resulted in an abrupt change in plaque phenotype, and the
emergence of a considerable proportion of small-plaque
variants. Further 4 passages in ticks increased the fraction of
small-plaque variants to 98–99% (Chunikhin and Dzhivanian,
1977, 1979). This small-plaque variant of clone 718 had stable
properties upon three reverse passages in mouse brain, and was
designated variant 718/574 (Dzhivanian et al., 1986, 1988,
1991). The variant was stored for 10 years in infected mouse
brain at −20 °C. In this work, we used the variant 718/574 that
was passaged 2 more times in mouse brain and designated
variant M. Viruses were stored as aliquots of 10% infected
mouse brain suspension or infected PEK cell culture super-
natant at −70 °C. The amount of TBE virus in cell culture
preparations, tick suspensions, and in heparin-sepharose (HS)-
binding assay samples was determined by plaque titration in
PEK cells (Dzhivanyan et al., 1974). Statistical significance of
the results was confirmed using the t-test.
Virus hemagglutination
HA was assayed with goose erythrocytes according to a
standard protocol (Clarke and Casals, 1958).
Growth curve
Kinetics of virus reproduction in PEK cells was studied as
described previously (Dzhivanian et al., 1988). Briefly,
confluent cell monolayers in 25 cm2 flasks were infected with
virus at MOI=1 PFU and incubated for 1 h at room temperature
to allow virus adsorption. Cells were rinsed once and fresh
medium was added. At defined time points, virus containing
medium and cells were frozen separately and stored at −70 °C.
Real-time PCR
Poliovirus type IMahoneywas used as an internal control and
added to samples prior to RNA extraction. Reverse transcription
was performed with AMV reverse transcriptase (Promega)
according to the supplier's protocol. The following oligonucleo-
tides were used for reverse transcription: for TBE virus—
GTB1R, CCATTCCGGCTCTGAACTTG (nt 8056–8037), for
poliovirus—3EP4, (T)14CTCCG (nt 7440–7436). Real-time
PCR was carried out on COBAS TaqMan48 analyzer (Roche).
The oligos and probes used were: for TBE virus—TBEL1,
TCTGAGGGAGACACACTTGG (nt 7672–7691), TBER1,
GTGCGCCTGTAAACAAAGAA (nt 7754–7735), and probe
TBEP1, FAM-TCCTTGGTGCAGCTGTTCAGCC-BHQ-1
(nt 7730–7709); for poliovirus—PVL1, GGCAGACGA-
GAAATACCCAT (nt 7121–7140), PVR1, CGAACGT-
GATCCTGAGTGTT (nt 7209–7228) and probe PVP1, R6G-
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7159). Real-time PCRwas carried out using RT-PCR kit (Syntol,
Russia). Standard curve was created using serial dilutions of
TBE virus RNA obtained by sucrose gradient purification from
cell culture supernatant as described earlier (Gmyl et al., 2003).
Virus reproduction in ticks
Hyalomma marginatum turanicum Pomerantzev 1946 ticks
(a subspecies of H. marginatum) were used on the second and
third laboratory generation. Infected PEK cell culture super-
natant (4.4 log PFU per tick in 25 μl of diluent) was injected into
the coxacetabular joint of the IV pair of legs as described
previously (Alekseev and Chunikhin, 1987). Each virus was
tested in a group of 5 adult ticks. After inoculation, ticks were
maintained for 7 days in a humid chamber at room temperature
and then frozen at −70 °C. Each individual tick was ground
with glass powder, a 2.5% suspension was prepared in PBS,
clarified by centrifugation, and the supernatant was used for
plaque titration.
Virulence in mice
Properties of variant M were compared to the earlier data
for the original variant 718/574 in outbred 4-week-old white
mice (Andreevka, Russia). All other experiments were
carried out in 4- or 8-week-old BALB/c mice (Stolbovaya,
Russia). TBE virus mutants were evaluated for both
neurovirulence by intracerebral inoculation (30 μl) and for
neuroinvasiveness (300 μl intraperitoneal inoculation or
100 μl subcutaneously into the withers). Mice in groups of
six were injected with 10-fold dilutions of virus and
observed for 21 days after inoculation for signs of
encephalitis. Moribund mice were euthanized humanely.
LD50 was calculated according to the Kerber method (Lorenz
and Bogel, 1973).
Sequencing
Viral RNAwas isolated from 10% brain suspensions or from
PEK cell culture supernatants by phenol extraction. Reverse
transcription was carried out with M-MuLV reverse transcrip-
tase according to the manufacturer's protocol (Promega,
Madison, WI). Viral genome cDNA was amplified by PCR
using overlapping sets of TBE virus-specific primers (primer
sequences available upon request). Sequencing was carried out
directly from PCR DNA in both directions using fmol
sequencing kit (Promega, Madison, WI) and 32P-labeled
oligonucleotides or on the MegaBACE DNA sequencer using
DYEnamic ET terminator kit (Amersham/GE Healthcare). The
sequences were aligned with Clustal X software.
Virus binding to heparin-sepharose
One milliliter of a 50% heparin-sepharose (Pharmacia)
suspension in 199 medium, pH 7.6, was spun down. Virus
suspension (1 ml containing 4–5 log PFU) was added to theheparin-sepharose pellet, mixed thoroughly, and incubated for
1 h at 37 °C with occasional shaking. Control viruses were
treated similarly without heparin-sepharose. After the binding
step, heparin-sepharose was pelleted by centrifugation, and the
supernatant was collected and tested for presence of unabsorbed
virus using plaque assay in PEK cells. Binding efficiency was
determined as a percentage of absorbed virus (control virus
minus unabsorbed virus) to the control virus titer. Heat
inactivation of tested viruses in these conditions was excluded
in a separate experiment (data not shown). The virus mutants
were tested for heparin-sepharose binding in 2–4 separate
experiments.
Rocket immunoelectrophoresis
RIE was carried out in 1% high electroendoosmosis agarose
(Serva) in barbiturate–barbital buffer, pH 8.8 (Weeke, 1973),
and 1.5% horse hyperimmune TBE virus gamma-globulin
(VNNI VS, Tomsk, Russia) using an immunoelectrophoresis
chamber (LKB). Some of the RIE experiments were carried out
using hyperimmune rabbit antisera or mouse ascites fluid raised
against strain EK-328 or variant M. Viral antigens were
prepared by precipitation with 10% PEG-6000 (Dzhivanian
et al., 1991). Samples in equal quantity (6–7 log PFU,
normalized by virus titer) of each virus were loaded on the
anti-TBE virus serum enriched agarose gel, resolved at 7 V/cm
for 12 h and stained with Coomassie blue.
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